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Cooperative endocytosis of the endosomal 
SNARE protein syntaxin-8 and the potassium 
channel TASK-1
Vijay Renigunta, Thomas Fischer, Marylou Zuzarte, Stefan Kling, Xinle Zou, Kai Siebert, 
Maren M. Limberg, Susanne Rinné, Niels Decher, Günter Schlichthörl, and Jürgen Daut
Institute of Physiology and Pathophysiology, Marburg University, 35037 Marburg, Germany

ABSTRACT The endosomal SNARE protein syntaxin-8 interacts with the acid-sensitive potas-
sium channel TASK-1. The functional relevance of this interaction was studied by heterolo-
gous expression of these proteins (and mutants thereof) in Xenopus oocytes and in mamma-
lian cell lines. Coexpression of syntaxin-8 caused a fourfold reduction in TASK-1 current, a 
corresponding reduction in the expression of TASK-1 at the cell surface, and a marked in-
crease in the rate of endocytosis of the channel. TASK-1 and syntaxin-8 colocalized in the 
early endosomal compartment, as indicated by the endosomal markers 2xFYVE and rab5. 
The stimulatory effect of the SNARE protein on the endocytosis of the channel was abolished 
when both an endocytosis signal in TASK-1 and an endocytosis signal in syntaxin-8 were 
mutated. A syntaxin-8 mutant that cannot assemble with other SNARE proteins had virtually 
the same effect as wild-type syntaxin-8. Total internal reflection fluorescence microscopy 
showed formation and endocytosis of vesicles containing fluorescence-tagged clathrin, 
TASK-1, and/or syntaxin-8. Our results suggest that the unassembled form of syntaxin-8 
and the potassium channel TASK-1 are internalized via clathrin-mediated endocytosis in a 
cooperative manner. This implies that syntaxin-8 regulates the endocytosis of TASK-1. Our 
study supports the idea that endosomal SNARE proteins can have functions unrelated to 
membrane fusion.

INTRODUCTION
Membrane proteins are shuttled between subcellular compartments 
by carrier vesicles that bud from donor membranes and fuse with 
acceptor membranes. The “identity” of these vesicles is mainly de-
termined by 1) specific phosphoinositides (Behnia and Munro, 2005; 
Di Paolo and De Camilli, 2006; Lemmon, 2008), 2) specific small 

GTPases and their associated regulatory factors (Conner and 
Schmid, 2003; Lee et al., 2009; Pucadyil and Schmid, 2009), and 
3) specific soluble N-ethylmaleimide–factor attachment protein re-
ceptor (SNARE) proteins (McNew et al., 2000; Malsam et al., 2008). 
All of these components are capable of interacting with membrane 
proteins transported by the vesicles (the cargo; Di Paolo and De 
Camilli, 2006; Falkenburger et al., 2010). There has been growing 
support for the idea that there is a large variety of vesicle subtypes 
and that the identity and the itinerary of the carrier vesicles is at least 
partially determined by the cargo molecules (Lakadamyali et al., 
2006; Doherty and McMahon, 2009; Loerke et al., 2009; Mettlen 
et al., 2010). One mechanism by which membrane proteins control 
their intracellular transport is the exposure of cytosolic sorting sig-
nals: short peptide motifs that interact with cytosolic proteins 
involved in the formation and budding of transport vesicles 
(Bonifacino and Glick, 2004; Traub, 2009). However, on their route 
between different compartments, cargo proteins also interact with 
many other proteins that influence their sorting decisions and traf-
ficking kinetics (Bonifacino and Hurley, 2008; Mathie et al., 2010; 
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6) What is the functional role of the interaction between stx8 and 
TASK-1?

RESULTS
Syntaxin-8 interacts with the K+ channel TASK-1 
and changes its surface expression
TASK-1 is a two-pore-domain potassium channel (K2P channel) with 
four transmembrane domains (M1–M4), two pore domains (P1 and 
P1), and a long cytosolic C-terminus (amino acids 243–394; Figure 
1A). To identify proteins interacting with TASK-1, we performed a 
yeast two-hybrid screen with a human brain cDNA library. We used 
the split-ubiquitin variant of the yeast two-hybrid system since it en-
ables the use of full-length integral membrane proteins as baits and 
screens for interactions with integral membrane proteins and mem-
brane-associated proteins. The C-terminal half of ubiquitin, along 
with an artificial transcription factor, was fused to the C-terminus of 
TASK-1. Screening with a brain cDNA library coding for proteins 
fused to the N-terminal half of ubiquitin (NubG-x; Molecular Biotech-
nology) yielded 63 putative interacting proteins. One of these pro-
teins was the endosomal SNARE syntaxin-8 (stx8). The topology of 
stx8 is illustrated in Figure 1A. The protein has three N-terminal heli-
ces (Ha, Hb, and Hc), a SNARE domain (amino acids 145–207), and a 
C-terminal transmembrane domain (amino acids 216–233). In a spe-
cific yeast-two-hybrid assay using TASK-1 as bait and stx8 as prey, 
the robust interaction of TASK-1 with stx8 was confirmed (Figure 1B). 
With the closely related channel TASK-3 (Rajan et al., 2000) as bait, 
no interaction with stx8 was found. A stx8 mutant that cannot form 
SNARE complexes (stx8Q179A; because it lacks the critical glutamine 
residue in the “0” layer; Fasshauer et al., 1998) also showed robust 
interaction with TASK-1 (Figure 1B). In contrast, a mutant of stx8 in 
which the linker between the Hc helix and the SNARE domain was 
removed (stx8Δ100-140) showed no interaction (Figure 1B).

In all of our membrane yeast-two hybrid experiments we used 
the positive and negative controls provided by the manufacturer 
(Supplemental Figure S1A). The positive controls clearly indicate 
that the bait proteins are expressed in the yeast strain. However, the 
negative result obtained with the prey protein stx8Δ100-140 (Figure 1B) 
might also be attributable to the lack of expression of this protein in 
yeast. Therefore we tested the expression of stx8 and its mutants in 
the yeast strain using Western blot analysis. We found that stx8, 
stx8Q179A, and stx8Δ100-140 were robustly expressed (Supplemental 
Figure S1B).

The interaction between TASK-1 and stx8 was confirmed by 
coimmunoprecipitation experiments. Myelocytomatosis oncogene–
derived dekapeptide (myc)–tagged stx8 (mycstx8) or stx7 (mycstx7) 
was coexpressed with green fluorescent protein (GFP)–tagged hu-
man TASK-1 (GFPTASK-1). Stx8 and stx7 were precipitated with anti-
myc antibodies, and the precipitate was probed with anti-myc and 
anti-GFP antibodies. We found that GFPTASK-1 was coimmunopre-
cipitated with mycstx8 but not with mycstx7 (Supplemental Figure S2). 
We then performed coimmunoprecipitation experiments with cells 
that endogenously express TASK-1 and stx8. We analyzed the ex-
pression of the channel and all four endosomal SNARE proteins by 
reverse transcriptase (RT) PCR in several cell lines; the functionality 
of the primers was tested with human brain cDNA (Figure 1C). We 
found that A549 cells (a human alveolar adenocarcinoma cell line) 
express TASK-1, stx8, stx7, vti1b (weakly), and VAMP8 (Figure 1C). 
We precipitated the protein complex containing TASK-1 from the 
lysate of these cells using an anti–TASK-1 antibody from Alomone 
(APC-024). The Western blot of the precipitate showed a band of 
the predicted size of stx8 (red arrow, Figure 1D), which was also 
found in the lysate. No band corresponding to stx7 was detected in 

McMahon and Boucrot, 2011; Smith et al., 2011). Thus the binding 
sites of such interacting proteins may also be regarded as trafficking 
signals in the wider sense, and they may provide for distinct itinerar-
ies for distinct cargoes.

The TREK-related acid-sensitive K+ channel 1 (TASK-1) is a two-
pore-domain potassium channel (K2P channel) that is strongly inhib-
ited by a decrease in extracellular pH (Duprat et al., 1997). It plays an 
important role in the regulation of the electrical activity of neurons 
(Meuth et al., 2003; Bayliss and Barrett, 2008) and cardiac muscle 
cells (Putzke et al., 2007; Decher et al., 2011; Limberg et al., 2011), 
in the release of steroid hormones by the adrenal gland (Heitzmann 
et al., 2008; Bandulik et al., 2010), and in the immune system (Bittner 
et al., 2009). In the present study we obtained evidence that the K+ 
channel TASK-1 can interact with the endosomal SNARE protein 
syntaxin-8, and we analyzed the mechanisms by which this SNARE 
protein influences the intracellular traffic of the channel.

In the human genome there are 36 different SNARE proteins, 
which are localized to distinct subcellular compartments. SNARE 
proteins are essential for the fusion of transport vesicles with their 
acceptor compartments (Malsam et al., 2008; Südhof and Rothman, 
2009). There are four subclasses of SNARE proteins, Qa-, Qb-, Qc-, 
and R-SNAREs, which all possess a characteristic 16-turn SNARE he-
lix (Fasshauer et al., 1998). Four SNARE helices, one from each sub-
class, assemble as a tetrameric coiled-coil complex that brings two 
membranes into close apposition and provides the energy for mem-
brane fusion. The neuronal SNARE complex, consisting of syntaxin-
1A (stx1A), synaptosome-associated protein 25 (SNAP-25), and 
vesicle-associated membrane protein 2 (VAMP2), is essential for fu-
sion of synaptic vesicles with the presynaptic membrane and subse-
quent release of neurotransmitters into the synaptic cleft. After dis-
assembly of the neuronal SNARE complex in the presynaptic 
membrane, R-SNAREs are retrieved by clathrin-mediated endocyto-
sis using cargo-specific sorting adaptors such as adaptor protein 
180 (AP180; Maritzen et al., 2012). The Qa-SNARE stx1A interacts 
with voltage-activated Ca2+ channels, and this interaction appears 
to be involved in the coupling between the electrical activity of 
nerve terminals and release of neurotransmitters (Hagalili et al., 
2008; Atlas, 2013; Bachnoff et al., 2013). In addition, the neuronal 
SNARE proteins stx1A and VAMP2 were reported to interact with K+ 
channels present in neurons, insulin-secreting cells, and cardiomyo-
cytes (Chao et al., 2011a,b; Dai et al., 2012) and to modulate their 
open probability.

The endosomal SNARE complex, consisting of the R-SNARE 
VAMP8 and the Q-SNAREs stx7, vesicle transport through interac-
tion with target-SNARE analogue 1b (vti1b), and stx8, plays a role in 
fusion of early endosomes with later endosomal compartments. The 
entire endosomal SNARE complex has been reported to interact 
with the CFTR chloride channel and to reduce its surface expression 
(Bilan et al., 2004, 2008; Tang et al., 2011), but the underlying mole-
cular mechanisms have not been studied. No information is avail-
able on the interaction of endosomal SNARE proteins with potas-
sium or calcium channels, and very little is known about molecular 
mechanisms by which endosomal SNARE proteins are sorted to 
their cognate compartments.

In the present study we address the following questions: 1) Which 
part of the endosomal SNARE protein stx8 interacts with which part 
of the potassium channel TASK-1? 2) Does the interaction with stx8 
affect the gating or the intracellular traffic of TASK-1? 3) Which step 
of the intracellular transport of TASK-1 is modulated by stx8, and 
which sorting signals are involved? 4) Is it the unassembled SNARE 
protein stx8 or the endosomal SNARE complex that interacts with 
the channels? 5) How does stx8 reach its intracellular destination? 
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the precipitate (Figure 1D). Thus TASK-1 and stx8 could be copre-
cipitated from nontransfected mammalian cells, which supports the 
idea that this interaction may be functionally relevant.

To study the functional consequences of the interaction between 
TASK-1 and stx8, we expressed the two proteins in another mam-
malian cell line (CHO cells, which do not express TASK-1), and mea-
sured the acid-sensitive TASK-1 current (Duprat et al., 1997) using 
the patch-clamp technique. When the cells were transfected with 
rat TASK-1, a typical outwardly rectifying potassium current was re-
corded that could be blocked by extracellular acidification (Figure 
2A). When the cells were cotransfected with rat TASK-1 and mycstx8, 
the shape of the current–voltage relation was unchanged, but the 
amplitude of the currents was reduced to ∼50% of control (Figure 2, 
B and C). Coexpression of mycstx7 had no effect on TASK-1 currents 
(Figure 2C). Cotransfection of human TASK-1 with mycstx8 or 
mycstx7 gave similar results as rat TASK-1 (Supplemental Figure S3). 
Western blot and immunohistochemistry showed that the expres-
sion of mycstx8 and mycstx7 was approximately equal (Supplemental 
Figure S4).

We then studied the effects of stx8 on hTASK-1 currents ex-
pressed in Xenopus oocytes. Coexpression of stx8 reduced current 
amplitude but did not change the shape of the current–voltage 
relation (Figure 2D). The extent of the reduction of TASK-1 current 
depended on the amount of complementary RNA (cRNA) injected 
into the oocytes (Figure 2E). In contrast, the amplitude of TASK-3 
currents was not reduced by coexpression of stx8 (Figure 2E). We 
then asked whether the three other components of the endosomal 
SNARE complex can also interact with TASK-1. We found that co-
expression of vti1b, VAMP8, or stx7 had no effect on the amplitude 
of TASK-1 currents (Figure 2F).

The current (I) produced by ion channels is given by I = γNPo, 
where γ is the single-channel conductance, N is the number of ion 
channels at the surface membrane, and Po is the open-state proba-
bility. To find out which of these parameters was changed by coex-
pression of stx8, we attached an extracellular hemagglutinin (HA) 
tag to TASK-1 and measured its surface expression with an enzyme-
linked luminometric assay (Zuzarte et al., 2009). Coexpression of 
stx8 reduced the surface expression of TASK-1 in Xenopus oocytes 
to ∼24% (Figure 2G), which is similar to the relative reduction in cur-
rent amplitude produced by stx8 in Xenopus oocytes (Figure 2, E 
and F). This finding suggests that the reduction in TASK-1 current 
observed in the presence of stx8 was due to a reduction of the copy 
number (N) of TASK-1 channels at the surface membrane.

Dissection of the interacting regions of stx8 and TASK-1
We then asked whether the formation of a SNARE complex was 
necessary for the interaction between TASK-1 and stx8. To clarify 
this, we used a mutant of syntaxin-8, stx8Q179A, that is unable to form 
SNARE complexes (Fasshauer et al., 1998; Jahn and Scheller, 2006). 
We found that stx8Q197A caused a similar reduction of TASK-1 sur-
face expression and TASK-1 current as wild-type stx8 (Figure 2, G 
and H). These findings suggest that it is the unassembled form of 
stx8 that interacts with TASK-1.

To identify the region of stx8 that interacts with TASK-1 channels, 
we constructed chimeras between stx8 and stx7 (which does not 
interact with the channel) and coexpressed them with TASK-1. We 
found that chimera 1 (Figure 3A), in which the SNARE motif of stx8 
was replaced by that of stx7, had the same effect on current ampli-
tude as wild-type stx8 (Figure 3B), which suggests that this construct 
was fully capable of interacting with TASK-1. Similar results were 
obtained with chimera 2, in which both the SNARE motif and the 
C-terminus of stx8 were replaced by the corresponding domains of 

FIGURE 1: The K2P channel TASK-1 interacts with the SNARE protein 
syntaxin-8. (A) The topology of TASK-1 and stx8. (B) Membrane yeast 
two-hybrid screen with TASK-1 or TASK-3 as bait and stx8 or mutants 
thereof as prey. The Q179A mutant of stx8 cannot assemble with 
other SNARE proteins; in the Δ100–140 mutant the linker between 
the Hc domain and the SNARE domain was excised. (C) RT-PCR 
analysis of TASK-1 and endosomal SNARE proteins in human brain 
and in A549 cells. Asterisks represent nonspecific PCR products. 
(D) Coimmunoprecipitation of stx8 and TASK-1 endogenously 
expressed in A549 cells. The complex containing TASK-1 was 
precipitated from cell lysate with a TASK-1–specific antibody from 
Alomone (APC-024), and a Western blot of the precipitate was 
probed with TASK-1, stx8, and stx7 antibodies (left); the cell lysate 
(input) was used as positive control. Coimmunoprecipitation with an 
unrelated immunoglobulin G antibody (Santa Cruz Biotechnology) was 
used as a negative control (right).
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FIGURE 2: Coexpression of TASK-1 with stx8 or stx7 in CHO cells and Xenopus oocytes. (A) Current–voltage relation of 
rTASK-1 expressed in CHO cells. The currents were measured using voltage ramps from −120 to +40 mV at pH 7.4 
(black curve) and 6.0 (red curve). (B) TASK-1 current–voltage relation measured in the same batches of CHO cells 48 h 
after transfection of TASK-1 alone (black curve) and after cotransfection of TASK-1 with stx8 (green curve); mean values 
± SEM of n = 28 cells. (C) Mean outward currents ± SEM measured in CHO cells at 0 mV after transfection with rat 
TASK-1 alone (black) and after cotransfection of TASK-1 with stx8 (green) or stx7 (orange). (D) Typical current–voltage 
relation measured 48 h after injection of human TASK-1 cRNA (black curve) and after coinjection of TASK-1 and stx8 
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FIGURE 3: Dissection of the interacting regions of stx8 and TASK-1. (A) Topology of stx8, stx7, and the stx8/stx7 
chimeras. (B) TASK-1 currents measured in Xenopus oocytes expressing TASK-1 and stx8 or stx8/stx7 chimeras. 
(C) Normalized hTASK-1 currents measured in Xenopus oocytes expressing hTASK-1 and stx8 or deletion mutants of 
stx8. (D) Normalized currents measured in Xenopus oocytes expressing TASK-3/TASK-1 or TASK-1/TASK-3 chimeras 
alone or together with stx8 or stx8Q179A. (E) Schematic drawing of TASK-3/TASK-1 and TASK-1/TASK-3 chimeras.

cRNA. For experiments with human TASK-1 we used the NQTASK-1 mutant, which displays a higher current amplitude 
(Zuzarte et al., 2009; Materials and Methods). (E) Mean outward currents ± SEM measured in Xenopus oocytes at 0 mV 
after injection of hTASK-1 or hTASK-3 cRNA alone (black) or together with 1.5, 3, or 6 ng stx8 cRNA per oocyte as 
indicated. (F) Mean outward currents ± SEM measured in Xenopus oocytes at 0 mV measured after injection of hTASK-1 
cRNA alone (black) or together with 6 ng cRNA encoding stx8, VAMP8, vti1b, or stx7. (G) Mean surface expression of 
HA-tagged hTASK-1 channels (measured in relative light units [RLUs]) in Xenopus oocytes after injection of TASK-1 cRNA 
alone or together with 6 ng of stx8 or stx8Q179A. (H) Mean hTASK-1 current measured in Xenopus oocytes after injection 
of hTASK-1 cRNA alone or together with stx8 or stx8Q179A. In all bar graphs the number of oocytes or CHO cells from 
which the data were obtained is indicated in brackets. Note that in the series of experiments shown in E, F, and H, 
coinjection of 6 ng of stx8 cRNA caused a reduction of TASK-1 current to values between 13 and 23% of control, 
illustrating that there was a certain degree of variability among different batches of oocytes. For this reason, TASK-1 
(and other) currents with and without coinjection of a second cRNA were always compared in the same batch of oocytes 
(measured on the same day); normalized current amplitudes of at least three different batches are combined in the bar 
graphs.
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wild-type TASK-1 current amplitude was diminished (Figure 4B). 
Similarly, when we replaced the tyrosine residue at position 300 in 
TASK-1 by alanine (TASK-1Y300A), the effect of wild-type stx8 on 
TASK-1 current amplitude was diminished (Figure 4B). When we mu-
tated both motifs, the effect of stx8 on TASK-1 currents was com-
pletely abolished (Figure 4B).

Very similar results were obtained in a surface expression assay in 
Xenopus oocytes (Figure 4C). Wild-type stx8 reduced the surface 

stx7 (Figure 3, A and B). However, chimera 3, in which, in addition, 
the linker between the Hc helix and the SNARE domain of stx8 was 
replaced, had no significant effect on current amplitude (Figure 3, A 
and B). We then repeated these experiments with myc-tagged chi-
meras and obtained very similar results (Supplemental Figure S5, A 
and B). Western blotting with anti-myc antibodies showed that wild-
type stx8 and the three stx8/stx7 chimeras were all strongly (and 
about equally) expressed in Xenopus oocytes (Supplemental Figure 
S5C). These results are consistent with the idea that the linker region 
(amino acids 100–140) proximal to the SNARE motif of stx8 interacts 
with the channel.

To confirm the data obtained with the chimeras, we excised 
amino acids 100–140 of stx8 and measured the effect of this dele-
tion mutant on TASK-1 current in Xenopus oocytes. Coexpression of 
stx8Δ100-140 had no effect on TASK-1 current (Figure 3C). This result is 
in agreement with our yeast two-hybrid analysis, which also showed 
no interaction with the stx8Δ100-140 mutant (Figure 1B). By attaching a 
myc tag to the deletion mutant, we verified that the protein expres-
sion of stx8Δ100-140 in Xenopus oocytes was comparable to that of 
wild-type stx8 (Supplemental Figure S5, B and C). Coexpression of 
stx8Δ100-119 or stx8Δ120-139 had a smaller effect on TASK-1 current than 
wild-type stx8 (Figure 3C). Interestingly, a mutant of stx8 in which 
the transmembrane region was removed (stxΔ216-233) had no signifi-
cant effect in TASK-1 current (Figure 3C, right), which suggests that 
stx8 needs to be anchored in the membrane for the interaction with 
TASK-1 to occur. Taken together, the results of our yeast two-hybrid 
analysis (Figure 1B), our stx8/stx7 chimera experiments (Figure 3, A 
and B), and our deletion mutants (Figure 3C) suggest that the linker 
region between the Hc helix and the SNARE domain of stx8 is nec-
essary for the interaction with TASK-1 channels.

To learn which part of TASK-1 may be responsible for the inter-
action with stx8, we used another set of chimeras (Figure 3, D and E) 
in which the C-terminus of TASK-3 was attached to TASK-1 (T1/T3 
chimeras) or vice versa (T3/T1 chimeras; Renigunta et al., 2006). 
In the T1/T3 chimeras, stx8 had only a relatively small effect; in the 
T3/T1 chimeras, the reduction in current amplitude produced by 
coexpression of stx8 was as large as in wild-type TASK-1 channels 
(Figure 3D). These experiments suggest that it is (mainly) the 
C-terminus of TASK-1 that interacts with stx8. The current produced 
by the T3/T1 chimera was reduced by stx8 and by stx8Q179A to a 
similar extent (Figure 3D), in agreement with the results obtained 
with TASK-1 (Figure 2, G and H).

Cooperative endocytosis of TASK-1 and syntaxin-8
In searching for the possible mechanisms underlying the decrease in 
the surface expression of TASK-1 caused by stx8, we noted that 
both proteins harbor putative endocytosis signals (Bonifacino and 
Traub, 2003): TASK-1 has the sequence motif YAEV300-303, and stx8 
has the sequence motif DRRQNLL77-83 (Figure 1A). We tested the 
hypothesis that stx8 may stimulate clathrin-mediated endocytosis of 
TASK-1 by coexpressing the channel and the SNARE protein with 
the C-terminus of the clathrin adaptor AP180 (AP180C), a construct 
that blocks clathrin-mediated endocytosis (Doherty and McMahon, 
2009). Coexpression of TASK-1 with AP180C in oocytes caused a 
significant increase in TASK-1 current (Figure 4A), consistent with 
the idea that there may be constitutive endocytosis of TASK-1 chan-
nels (Mant et al., 2013). Furthermore, the effect of stx8 on TASK-1 
current was substantially reduced by coexpression of AP180C 
(Figure 4A). These findings support the idea that the effects of stx8 
on TASK-1 surface expression were at least partially due to stimula-
tion of clathrin-mediated endocytosis. When we mutated the dileu-
cine motif of stx8 to two alanines (stx8LL82,83AA), the effect of stx8 on 

FIGURE 4: Clathrin-mediated endocytosis of TASK-1. (A) The effects 
of stx8 on TASK-1 currents in Xenopus oocytes with and without 
coexpression of AP180C, a suppressor of clathrin-mediated 
endocytosis. (B) The effects of mutating the dileucine-based 
endocytosis signal in stx8, the tyrosine-based endocytosis signal in 
TASK-1, or both on the amplitude of TASK-1 currents. For each batch 
of oocytes the currents were normalized to the currents measured 
with TASK-1 (or the mutant TASK-1Y300A) alone. (C) The effect of 
mutating the two endocytosis signals on the surface expression of 
HA-tagged TASK-1 in Xenopus oocytes. The surface expression was 
measured using an antibody-based luminometric assay (Materials and 
Methods).
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expression of wild-type TASK-1, but no sig-
nificant effect of the SNARE protein on the 
surface expression of the channel was 
observed when the endocytosis signals of 
TASK-1 and stx8 were mutated. Because 
both the tyrosine-based and the leucine-
based endocytosis signals interact with the 
AP-2 adapter proteins of the clathrin coat 
(Traub, 2009; Mattera et al., 2011), our re-
sults raise the possibility that the endocyto-
sis signals on TASK-1 and stx8 may act in a 
cooperative manner to promote endocyto-
sis of both proteins (see Discussion).

This idea was tested using an antibody 
uptake assay (Figure 5). The HA-tagged 
TASK-1 channels at the cell surface were 
decorated with a primary antibody at 4°C 
for 60 min. To initiate endocytosis, the cells 
were rewarmed to 37°C for 0, 15, and 30 
min. At the end of the rewarming period, 
the cells were fixed with paraformaldehyde, 
and the channels at the cell surface were la-
beled with an Alexa Fluor 594–conjugated 
secondary antibody (red). Then the cells 
were permeabilized, and the internalized 
TASK-1 channels were labeled with an Alexa 
Fluor 488–conjugated secondary antibody 
(green). The green fluorescence signal in 
our assay represents the net uptake of the 
channels into the cells; channels recycled 
during the rewarming period would be in-
cluded in the red fluorescence signal. Coex-
pression of stx8 led to a dramatic increase 
in the net uptake of HA-tagged TASK-1 
channels, that is, a greater green/red ratio 

FIGURE 5: Analysis of endocytosis of TASK-1 
using an antibody uptake assay. (A) COS-7 
cells expressing HA epitope–tagged TASK-1 
(or TASK-1 mutants) and stx8 (or stx8 
mutants) were incubated with an anti-HA 
antibody at 4°C to label the channels at the 
cell surface and then warmed to 37°C to 
initiate internalization. After incubation at 
37°C for 30 min, the anti-HA–labeled 
channels that remained on the surface were 
detected with a secondary antibody labeled 
with Alexa Fluor 594 (red). Then the cells 
were permeabilized, and the internalized 
channels were detected with a different 
secondary antibody, labeled with Alexa Fluor 
488 (green). The measurements were carried 
out 48 h after transfection of TASK-1, TASK-1 
mutants, stx8, stx8 mutants, or stx7. Note 
that rTASK-1Y317A corresponds to hTASK-
1Y300A. (B) Statistical evaluation of the 
antibody uptake assay under different 
conditions. The ratio between the 
fluorescence of internalized channels (green) 
and channels at the cell surface (red) was 
calculated at 0 and 30 min after heating to 
37°C; number of cells is indicated in brackets. 
Scale bars, 50 μm.
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disappearing (Supplemental Video S5), which most likely represent 
the formation and budding of clathrin-coated pits and the fission of 
clathrin-coated vesicles. Transfection of TASK-1 showed similar 
dynamic spots (Supplemental Video S6).

Dynamic TIRF microscopy measurements after transfection with 
two labeled proteins required a change of filter sets and laser wave-
length after each frame and therefore could only be carried out at a 
relatively low frame rate (0.2 Hz). Thus many of the short-lasting 
endocytic events were probably missed. Nevertheless, we suc-
ceeded in recording simultaneous endocytosis of TASK-1 channels 
and syntaxin-8 (Figure 8). Figure 8, A and C, shows TASK-1 and stx8 
spots of ∼200 nm diameter appearing in consecutive frames taken 
at an interval of ∼5 s; colocalization of the two proteins was ob-
served in two neighboring spots for at least 30 s. Figure 8, B and D, 
shows one spot with a shorter-lived colocalization of TASK-1 and 
stx8 (<5s). These data suggest that the channel and the SNARE 
protein were indeed endocytosed in the same vesicles.

DISCUSSION
We found that the acid-sensitive potassium channel TASK-1 inter-
acts with the endosomal SNARE protein syntaxin-8 and tried to elu-
cidate the functional consequences of this interaction. Potassium 
channels regulate many cellular functions. Activation or inhibition of 
potassium channels can change the membrane potential of electri-
cally inexcitable cells or regulate the time course of the repolariza-
tion of action potentials in excitable cells; these changes in turn 
modulate Ca2+ influx into the cells and thus influence gene expres-
sion and the activity of various enzymes. The functional connection 
between potassium channels and SNARE proteins is not immedi-
ately obvious. In the exocytic and in the endocytic pathway, mem-
brane proteins are shuttled between different intracellular compart-
ments via transport vesicles. Membrane fusion of donor vesicles 
with the acceptor compartment, mediated by SNARE proteins, is 
the final and irreversible event in each step of intracellular traffic. 
Many SNARE proteins reside predominantly in specific compart-
ments and may thus contribute the specificity and directionality of 
transport along different trafficking routes (Malsam et al., 2008; 
Südhof and Rothman, 2009). Recently, the concept has emerged 
that SNARE proteins may have physiological roles other than mem-
brane fusion (Bezprozvanny et al., 1995; Leung et al., 2007; Hagalili 
et al., 2008; Singer-Lahat et al., 2008; Atlas, 2013; Bachnoff et al., 
2013).

The evidence that TASK-1 robustly and specifically interacts with 
stx8 is based on the following observations: 1) The interaction be-
tween TASK-1 and stx8 was found under stringent conditions in 
membrane yeast-two-hybrid analysis. 2) The interaction was con-
firmed by coimmunoprecipitation of TASK-1 and stx8 in a cell line 
that endogenously expresses the two proteins. 3) Coexpression of 
stx8 with TASK-1 in oocytes and cultured mammalian cells caused a 
marked reduction of TASK-1 current amplitude, indicating functional 
interaction. 4) Coexpression of TASK-1 with stx7 and coexpression 
of TASK-3 with stx8 had no significant effect on current amplitude. 
5) The surface expression of TASK-1 channels in Xenopus oocytes 
was markedly reduced by coexpression of stx8. 6) An antibody up-
take assay in a mammalian cell line showed that the rate of endocy-
tosis of TASK-1 channels was increased about ninefold after coex-
pression of stx8. 7) Analysis of chimeric TASK-1/TASK-3 constructs 
showed that the C-terminus of TASK-1 was required (and sufficient) 
for functional interaction with stx8. 8) Yeast-two hybrid analysis 
and coexpression experiments in oocytes showed that the linker 
between the Hc helix and the SNARE helix of stx8 (amino acids 
100–140) was essential for the interaction with TASK-1.

(Figure 5, A and B). In the presence of stx8, the increase in green 
fluorescence (indicating endocytosis) was detectable 15 min after 
rewarming; after 30 min, green fluorescence was increased about 
ninefold compared with control cells (not cotransfected with stx8). In 
contrast, coexpression of stx7 did not induce internalization of 
TASK-1 channels (Figure 5, A and B). Subsequently we mutated the 
endocytosis motifs of both TASK-1 and stx8 and repeated the anti-
body uptake assay. Consistent with our current measurements, co-
expression of rTASK-1Y317A with stx8LL82,83AA was associated with a 
negligibly small antibody uptake (Figure 5, A and B). These data are 
consistent with the hypothesis that TASK-1 and stx8 are endocy-
tosed in a cooperative manner.

TASK-1 and syntaxin-8 colocalize in an endosomal 
compartment
To visualize the subcellular compartment in which TASK-1 and stx8 
are localized, we cotransfected constructs tagged with enhanced 
GFP (EGFP) and mCherry, respectively, in HeLa cells. Live-cell im-
ages showed that the channel and the SNARE protein mainly local-
ized to vesicular structures throughout the cytoplasm (Figure 6, 
A–G). A relatively high number of these vesicles showed perinuclear 
localization, but some vesicles were also found in the periphery of 
the cells. A large fraction of the vesicles were labeled with both 
TASK-1 (green) and stx8 (red). The vesicles were highly mobile, as 
can be seen in Supplemental Video S1. Previous studies also re-
ported localization of stx8 to early endosomes (Subramaniam et al., 
2000; Kasai and Akagawa, 2001).

The mutant stx8Q179A, which cannot be incorporated in the 
SNARE complex, was localized to apparently the same very mobile 
vesicular compartment (Supplemental Videos S2 and S3) and 
showed virtually the same colocalization with TASK-1 as wild-type 
stx8 (Figure 6, H–N); the Pearson coefficient was 0.86 ± 0.02. These 
findings are consistent with the idea that it is the unassembled 
SNARE protein that interacts with the channel. It should be noted 
that not all of the stx8 protein localized to intracellular vesicles; a 
fraction of stx8 and stx8Q179A localized to the surface membrane, as 
indicated by distinct labeling of the surface membrane in HeLa cells 
(Supplemental Figure S6). The stx8 mutant in which the transmem-
brane domain was removed (stx8Δ216-233) showed diffuse localization 
in the cytoplasm (Figure 6, O–Q) and had no significant effect on 
TASK-1 currents (Figure 3C).

To identify the intracellular compartment in which TASK-1 chan-
nels reside, we used the endosomal marker 2×FYVE (Gillooly et al., 
2000, 2001; Subramaniam et al., 2000). We found that TASK-1 and 
2×FYVE colocalized in a large fraction of the vesicular structures ob-
served (Figure 7, A–G). In addition, we found partial colocalization 
TASK-1 with the marker of the early endosome, Rab5 (Figure 7, 
H–N). These findings suggest that the bulk of the heterologously 
expressed TASK-1 and stx8 proteins colocalized in an endosomal 
compartment.

Analysis of the endocytosis of TASK-1 and stx8 by total 
internal reflection fluorescence microscopy
Finally, we used total internal reflection fluorescence (TIRF) micros-
copy at 30°C to test our hypothesis that TASK-1 channels and stx8 
may be taken up cooperatively into an endosomal compartment. 
After transfection of EGFP-tagged clathrin light chain into HeLa 
cells, we observed relatively large static patches and rapidly ap-
pearing and disappearing small spots of 200–400 nm diameter 
(Supplemental Video S4), indicative of constitutive clathrin-medi-
ated endocytosis. Transfection of mCherry-tagged stx8 showed 
some diffuse fluorescence and numerous small spots appearing and 
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FIGURE 6: Live-cell imaging of HeLa cells cotransfected with mCherry-tagged stx8 and EGFP-tagged hTASK-1. 
(A–G) Cotransfection of TASK-1 and stx8; the Pearson coefficient was 0.89 ± 0.02 (n = 7 cotransfection experiments, 
37 cells). Plain arrows indicate colocalization; crossed arrows indicate lack of colocalization. (D–F) Higher magnifications 
of the region indicated by the square in C. (H–N) Cotransfection of TASK-1 and stx8Q179A; the Pearson coefficient was 
0.86 ± 0.02 (n = 4 cotransfection experiments, 33 cells). (O–Q) Cotransfection of TASK-1 with stx8Δ216-233; the Pearson 
coefficient was 0.41 ± 0.03 (n = 4 transfection experiments, 33 cells). (K–M) Higher magnifications of the regions 
indicated by the square in J. All images were taken 48 h after transfection. Scale bars, 5 μm (A–C, G–I), 1 μm (D–F, K–M). 
(G, N) Intensity profiles of F and M (green line, EGFP; red line, mCherry). For calculating the Pearson coefficient, the 
entire cell was selected as region of interest.
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proteins forming the endosomal SNARE complex and may cause the 
formation of isolated stx8 proteins; 2) overexpression of the other 
SNARE proteins of the endosomal SNARE complex, stx7, VAMP8, 
and vti1b, had no effect on TASK-1 currents; and 3) the stx8 mutant 
Q179A, which cannot form a SNARE complex, had the same effect 
on TASK-1 current amplitude and surface expression as wild-type stx8 
and showed the same colocalization with TASK-1 in endosomes.

Several lines of evidence suggest that TASK-1 and stx8 are endo-
cytosed together to the early endosomal compartment: 1) We 
observed a relatively weak but unequivocal expression of syntaxin-8 
in the surface membrane of a mammalian cell line (Supplemental 

The linker region of stx8 is necessary but probably not sufficient 
for functional interaction of the SNARE protein with the channel, 
given that coexpression of stx8Δ216-233 (the mutant in which the trans-
membrane domain of stx8 was removed) had no significant effect 
on TASK-1 current. This finding suggests that the linker region needs 
to be localized near the membrane and perhaps at a defined dis-
tance from the surface membrane for the interaction with TASK-1 to 
take place.

We consider it very likely that TASK-1 interacts with the unassem-
bled SNARE protein stx8, for the following reasons: 1) Overexpres-
sion of stx8 necessarily leads to an imbalance of the four SNARE 

FIGURE 7: Live-cell imaging of HeLa cells cotransfected with fluorescence-labeled TASK-1 and the endosomal marker 
2xFYVE or rab5. (A–G) Cotransfection of mCherry-tagged TASK-1 and EGFP-tagged 2xFYVE. Similar results were 
obtained in n = 3 transfections. Plain arrows indicate colocalization; crossed arrows indicate lack of colocalization. 
(H–N) Cotransfection of mCherry-tagged rab5 and EGFP-tagged TASK-1. (D–F, K–M) Higher magnifications of the 
regions indicated by the squares in C and J. (G, N) Intensity profiles of F and M (green line, EGFP; red line, mCherry/
DsRed). All images were taken 48 h after transfection. Similar results were obtained in n = 3 transfections. Scale bars, 
5 μm (A–C, H–J), 1 μm (D–F, K–M).
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oocytes, coexpression of stx8 had a smaller effect on the current car-
ried by TASK-1Y300A (in which the tyrosine-based endocytosis signal 
was removed) than on the current carried by wild-type TASK-1 chan-
nels. 5) Conversely, the current carried by wild-type TASK-1 channels 
was less reduced by coexpression of stx8LL82,83AA (in which the leu-
cine-based endocytosis signal was removed) than by coexpression 
of wild-type stx8. 6) When TASK-1Y300A was coexpressed with 
stx8LL82,83AA, the effect of the SNARE protein on TASK-1 current and 

Figure S6), in agreement with previous work (Kasai and Akagawa, 
2001). 2) Live-cell imaging showed extensive colocalization of TASK-1 
and stx8 in an intracellular compartment, most likely corresponding 
to the early endosome, as indicated by colocalization with the endo-
somal markers 2×FYVE and rab5. The vesicles in which TASK-1 and 
stx8 were colocalized were highly mobile (Supplemental Videos S1–
S3). 3) Using TIRF microscopy, we observed the formation of endo-
cytic vesicles containing both TASK-1 and stx8. 4) In Xenopus 

FIGURE 8: TIRF microscopy of TASK-1 and stx8. (A, B) HeLa cells transfected with EGFP-tagged hTASK-1 and mCherry-
tagged stx8; scale bars, 5 μm. (C) Sequence of TIRF images taken from the cell shown in A; scale bars, 0.5 μm. The two 
bottom rows show the red and green channels (Materials and Methods). TASK-1 and stx8 are colocalized in diffraction-
limited spots for at least 37 s. (D) Sequence of TIRF images taken from the cell shown in B; scale bars, 0.5 μm. The two 
bottom rows show the red and green channels (Materials and Methods). TASK-1 and stx8 are colocalized in diffraction-
limited spots for at least 4.6 s.
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In conclusion, our results suggest that the SNARE protein stx8 
reaches its destination (the endosomal compartment) via the surface 
membrane. We propose that TASK-1 and the endosomal SNARE 
protein stx8 interact at the surface membrane and are transported 
to the early endosome in a cooperative manner via clathrin-medi-
ated endocytosis. Thus, stx8 has functions other than mediating 
membrane fusion; these functions are most likely mediated by the 
unassembled form of stx8 and are independent of other endosomal 
SNARE proteins. Our results provide some evidence for the idea 
that the endocytosis of SNARE proteins may be modulated by the 
presence of specific cargo proteins like TASK-1, and that, conversely, 
the endocytosis of membrane proteins may be modulated by unas-
sembled SNARE proteins.

MATERIALS AND METhODS
Animal studies
For experiments involving Xenopus oocytes, adult female African 
clawed frogs (Xenopus laevis) were used. The frogs were anesthe-
tized by putting them in water containing 1 g/l tricaine. Stage V 
oocytes were obtained from the ovarian lobes. Anesthesia and op-
eration were carried out in accordance with the principles of German 
legislation with approval of the animal welfare officer of the Medical 
Faculty of Marburg University under the governance of the Regierung-
spräsidium Giessen (the regional veterinary heath authority).

Molecular cloning and mutagenesis
Supplemental Table S1 summarizes the constructs used in this 
study. In most experiments with human TASK-1, we used a mutant 
in which the amino acids at positions 2 and 3, KR, were replaced by 
NQ (Zuzarte et al., 2009; NQTASK-1). This mutant shows higher sur-
face expression and higher current amplitude than wild type 
(Zuzarte et al., 2009), resulting in better signal-to-noise ratio. Other-
wise, the results obtained with NQTASK-1 were identical to those 
obtained with wild-type TASK-1 (Schiekel et al., 2013). We also 
used chimeras of TASK-1 and TASK-3 (Renigunta et al., 2006) in 
which the C-terminus of TASK-1 was replaced by the C-terminus of 
TASK-3 (T1/T3 mutant) or vice versa (T3/T1 mutant). Chimeras were 
generated using an overlap extension PCR method. QuikChange 
(Agilent Technologies, Santa Clara, CA) was used to introduce point 
mutations. For surface luminescence and antibody uptake mea-
surements, TASK-1 containing an external HA epitope tag was used 
(Zuzarte et al., 2009). All DNA constructs were verified by 
sequencing.

Split-ubiquitin membrane yeast two-hybrid assay
We used the split-ubiquitin variant (Molecular Biotechnology, 
Göttingen, Germany) of the yeast-two-hybrid system to identify pro-
teins that interact with hTASK-1. This assay allows the use of full-
length integral membrane proteins as baits; it screens for interactions 
with integral membrane proteins and membrane-associated pro-
teins. Identification of positive clones, recovery of library plasmids, 
and identification of prey sequences were carried out following the 
manufacturer’s guidelines. Protein–protein interaction was deter-
mined by growth on plates lacking the amino acids leucine, trypto-
phan, histidine, and adenine (–LWHA). Positive colonies were further 
verified using the second marker β-galactosidase. The yeast strains 
expressing the baits were transformed with a human brain cDNA 
library (Molecular Biotechnology) for screening or with prey vectors 
for specific interaction studies. The nucleotide sequence of the 
screened positive clones was determined by sequencing, and the 
identity of the encoded putative interacting proteins was deter-
mined by a database search (BLASTX).

surface expression of TASK-1 was abolished. 7) The antibody uptake 
assay showed that endocytosis of the channels was almost com-
pletely abolished when both endocytic motifs were mutated (coex-
pression of TASK-1Y300A and stx8LL82,83AA in COS-7 cells). The latter 
finding suggests that the two endocytic motifs, which both interact 
with the adaptor protein complex AP-2, may promote endocytosis in 
a cooperative manner.

There are some precedent cases in which cooperative binding of 
two membrane proteins to a coat protein complex has been ob-
served. Springer and Schekman (1998) found that the yeast SNARE 
proteins Bet1p and Bos1p interact with the monomeric G-protein 
Sar1p and that both Sar1p and one of the SNARE proteins are re-
quired for COPII coat formation from isolated endoplasmic reticulum 
membranes (Springer and Schekman, 1998). Haucke and De Camilli 
(1999) found that the adaptor protein complex AP-2 interacts with 
both synaptotagmin (a Ca2+-dependent SNARE regulator carrying 
dilysine-based endocytosis signals) and SV2a (a transmembrane pro-
tein of synaptic vesicles carrying YxxΦ endocytosis signals); the bind-
ing of synaptotagmin to AP-2 was enhanced in the presence of pep-
tides containing the YxxΦ signals of SV2a (Haucke and De Camilli, 
1999). Kornfeld and coworkers found that dileucine-based and ty-
rosine-based sorting signals interact with the AP-1 adaptor complex 
in such a way that binding of one sorting signal facilitates the binding 
of the other sorting signal (Lee et al., 2008). Owen and coworkers 
showed that AP-2 exhibits tighter binding to a membrane harboring 
both dileucine- and tyrosine-based sorting signals (Jackson et al., 
2010). All of these results were obtained in vitro using sophisticated 
biochemical assays. The present study shows that in intact cells the 
potassium channel TASK-1 (with its YAEV motif) and the SNARE pro-
tein stx8 (with its DRRQNLL motif) are internalized via clathrin-medi-
ated endocytosis in a cooperative manner. Although there is emerg-
ing evidence that different subtypes of clathrin-coated vesicles may 
control the internalization of distinct cargoes (Lakadamyali et al., 
2006; Doherty and McMahon, 2009; Loerke et al., 2009; Mettlen 
et al., 2010), it is not clear to what extent cargo molecules determine 
the fate of a transport vesicle. It is tempting to speculate that in vivo 
the joint endocytosis of TASK-1 and unassembled stx8 may provide 
the basis for the subsequent steps in the intracellular transport of the 
channel. SNARE molecules are important determinants of vesicular 
identity (Jahn and Scheller, 2006; McNew, 2008), and the endow-
ment of a transport vesicle with components of the endosomal 
SNARE complex may influence its itinerary. After dissociation from 
TASK-1, the Qc-SNARE protein stx8 may participate in the formation 
of endosomal SNARE complexes, and in this way stx8 may contribute 
to the sorting of the channel to specific intracellular compartments.

Previous studies of the interaction between SNARE proteins and 
channels mainly focused on the effects of the neuronal Qa-SNARE 
protein stx1A on the gating of calcium channels and potassium 
channels in neurons (Bezprozvanny et al., 1995, 2000; Leung et al., 
2005; Chang et al., 2011; Etzioni et al., 2011; Weiss and Zamponi, 
2012). In a few studies, the effects of stx1A on the trafficking of 
potassium channels were also investigated. For example, the rate of 
endocytosis of ATP-sensitive potassium channels was found to be 
increased after coexpression of stx1A (Chen et al., 2011). Further-
more, it was reported that coexpression of stx1A reduced the sur-
face expression of the voltage-activated potassium channel Kv2.1 
(Leung et al., 2003) but increased the surface expression of Kv1.1 
(Feinshreiber et al., 2009). However, the mechanisms underlying 
these changes in surface expression have not been investigated, 
and no putative sorting signals have been identified. As far as we 
know, there are no previous studies on the effects of endosomal 
SNARE proteins on the intracellular traffic of potassium channels.
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Dynabeads were eluted by boiling at 95°C for 10 min in SDS sample 
loading buffer and separated on a 10–12% SDS–PAGE under reduc-
ing conditions. Proteins were transferred to nitrocellulose membrane 
and probed with either mouse anti-myc antibody (1:1000; Santa 
Cruz Biotechnology), rabbit anti-GFP antibody (1:1000; Abcam, 
Cambridge, United Kingdom), anti–TASK-1 (1:1000; Alomone), anti-
stx8 (1:1000; BD Biosciences, Heidelberg, Germany), or anti-stx7 
(1:1000; Acris Antibodies, Herford, Germany).The membrane was 
washed and visualized with IRDye LICOR-secondary antibodies 
(1:5000; LI-COR Biosciences, Bad Homburg, Germany). Immunore-
activity was detected using an infrared imaging system (Odyssey Sa; 
LI-COR Biosciences).

Measurements of TASK-1 currents in transfected CHO cells
Electrophysiological measurements were performed with CHO cells 
24 h after transfection with rat TASK-1 or human NQTASK-1, either 
alone or together with human stx7 or stx8. The cells were super-
fused at room temperature with a bath solution containing (mM): 
135 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 10 glucose, and 
10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); the 
pH was adjusted to 7.4 with NaOH. Patch-clamp experiments were 
performed in the whole-cell configuration using pipettes pulled 
from borosilicate glass capillaries. The patch pipettes (resistance, 
3–6 MΩ) were filled with an “intracellular” solution containing (mM): 
60 KCl, 65 K glutamate, 5 ethylene glycol tetraacetic acid, 
3.5 MgCl2, 2 CaCl2, 3 K2ATP, 0.2 Na2GTP, and 5 HEPES; the pH was 
adjusted to 7.2 with KOH. Steady-state current–voltage relations 
were obtained by applying slow voltage ramps (40 mV/s) between 
−120 and +40 mV. The liquid junction potential between the patch 
electrode and the bath solution (∼−8 mV) was not compensated.

Voltage-clamp measurements with Xenopus oocytes
For heterologous expression in Xenopus oocytes, cRNA was tran-
scribed in vitro from Nhe1-linearized plasmids containing the cDNA 
of interest using T7 RNA polymerase (mMessage mMachine T7 Kit; 
Ambion, Austin, TX). cRNA quality was determined by gel electro-
phoresis and ultraviolet spectroscopy. Defolliculated Xenopus oo-
cytes were injected with nuclease-free water containing cRNA cod-
ing for TASK-1 (0.76 ng/oocyte), T1/T3 chimeras (0.76 ng/oocyte), 
or TASK-3 (0.05 ng/oocyte) alone or together with stx8, stx7, and 
stx8/stx7 chimeras, VAMP8, vti1B, or AP180C (all 6 ng/oocyte). 
Oocytes were incubated at 19°C for 24–48 h in ND96 solution con-
taining (mM) 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, and 5 HEPES 
(pH 7.4–7.5), supplemented with 100 μg/ml gentamicin and 2.5 mM 
sodium pyruvate. Two-microelectrode voltage-clamp measurements 
with ramp-shaped voltage commands were performed with a 
TurboTec-10 C amplifier (npi electronic, Tamm, Germany), and data 
were recorded at a sampling rate of 120 Hz. The oocytes were 
placed in a small-volume perfusion chamber and superfused with 
ND96 solution. For quantification of current amplitude under differ-
ent experimental conditions, the currents were measured at 0 mV. 
The experiments were carried out at room temperature (20–23°C).

Surface expression analysis in Xenopus oocytes
Surface expression of HA-tagged TASK-1 channels in Xenopus 
oocytes was analyzed 2 d after injection with the cRNA for TASK-1 
(0.76 ng/oocyte) alone or together with stx8 (6 ng/oocyte) as de-
scribed previously (Zuzarte et al., 2009). Oocytes were incubated for 
30 min in ND96 solution containing 1% bovine serum albumin (BSA) 
at 4°C to block nonspecific binding of antibodies. Subsequently, oo-
cytes were incubated for 60 min at 4°C with rat monoclonal anti-HA 
antibody (clone 3F10, 0.1 mg/ml; Roche) in 1% BSA/ND96, washed 

Cell culture
HeLa, COS-7, and A549 cells were cultured in high-glucose DMEM, 
10% fetal calf serum (FCS; Life Technologies, Paisley, United Kingdom), 
and 1% penicillin/streptomycin (PAA Laboratories, Pasching, Austria). 
CHO cells were cultured in MEM alpha with glutamine (Thermo Fisher 
Scientific, Waltham, MA), 10% FCS, and 1% penicillin/streptomycin 
(PAA Laboratories). For live-cell imaging and TIRF microscopy, the 
cells were seeded in 35-mm glass-bottom dishes (ibidi, Martinsried, 
Germany) and transfected 24 h later with the indicated constructs 
using jetPRIME reagent (Polyplus, Illkirch, France) or Fugene6 
(Invitrogen, Darmstadt, Germany) according to the manufacturers’ 
protocols and further maintained in the same cell culture medium 
without phenol red. For each method we used the cell line that ap-
peared most suitable. CHO cells were preferred for patch-clamp ex-
periments with transfected channels because they express very few 
endogenous channels that might contaminate the measurements. 
HeLa cells were preferred for imaging because they are optimal for 
detecting membrane localization and the early endosome; they show 
a “ring” of surface membrane (unlike COS cells, which are very flat) 
and have numerous clearly visible endosomal vesicles. The antibody 
uptake assay (empirically) worked best with COS-7 cells.

RT-PCR
The total RNA of A549 cells was isolated by using the HighPure RNA 
kit (Roche, Mannheim, Germany). The RNA was reverse transcribed 
into cDNA by using Superscript II reverse transcriptase (Invitrogen). 
RT-PCR was performed with AmpliTaq Gold DNA polymerase (Ap-
plied Biosystems, Darmstadt, Germany) using the following intron-
spanning primers. Glyceraldehyde-3-phosphate dehydrogenase: 
sense, 5′-CATCACCATCTTCCAGGAGCGA-3′, and antisense, 
5′-GTCTTCTGGGTGGCAGTGATGG-3′. TASK-1: sense, 5′-GCTC-
CTTCTACTTCGCCATC-3′, and antisense, 5′-CAGGTACCTCACCA-
AGGTGT-3′. Stx8: sense, 5′-TCGCCCTTTTGAAGGACTTA-3′, and 
antisense, 5′- CCATTTGTTTTTGGCGACTT-3′. Stx7: sense, 5′-CAG-
CAGATTATCAGCGCAAA-3′, and antisense, 5′-CATATGCAAT-
GTGGGCAA AA-3′. VAMP8: sense, 5′-GGAGCAAGCAGGAAGT-
GAAC-3′, and antisense, 5′-TGGCAAAGAGCACAATGAAG-3′. 
Vti1b: sense, 5′-ATCACTGGCTGGAGAAGGTG-3′, and antisense, 
5′-ATCTCT GCCAGCGTTT CATT-3′. PCRs were performed with the 
following program: (95°C, 10 min) × 1 cycle, (95°C, 40 s; 55°C, 40 s; 
72°C, 1 min) × 30 cycles, and (72°C, 5 min) × 1 cycle. The identity of 
all PCR products was confirmed by sequencing.

Coimmunoprecipitation
Immunoprecipitations were carried out using the Dynabeads 
Protein G Immunoprecipitation Kit (Invitrogen) according to the 
manufacturer’s instructions. In one set of experiments, we used HeLa 
cells expressing myc-tagged stx8 and GFP-tagged TASK-1; the cells 
were lysed with Triton X-100, and the lysate was probed with a 
mouse anti-myc antibody (Santa Cruz Biotechnology, Dallas, TX) 
coupled to Protein G Dynabeads using the cross-linking agent BS3 
(Invitrogen). In another set of experiments, we used A549 cells en-
dogenously expressing TASK-1 and stx8; the cells were lysed using 
a buffer containing 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 1% NP-40, 0.25% Na deoxycholate, and 10 μl/ml protease-
inhibitor cocktail (Sigma, Taufkirchen, Germany), and the lysate was 
probed with an anti–TASK-1 antibody (APC-024; Alomone, Jerusa-
lem, Israel) coupled to protein G Dynabeads using the cross-linking 
agent BS3 (Invitrogen). Antibody-coated beads were then incubated 
with the cell lysates under rotation for 6 h at 4°C. Dynabeads coated 
with antigen–antibody complex were washed extensively (4×) 
with the wash buffer supplied by the manufacturer. The proteins on 
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Total internal reflection microscopy
HeLa cells were analyzed 48 h after transfection using an inverted 
Leica AF 6000 LX TIRF microscope equipped with a 100× objective 
(HCX PL APO 100× 1.47 Oil; Leica) and a 12-bit CCD camera 
(DFC350FXR2; Leica); the temperature was 28–30°C. The penetra-
tion depth of the evanescent wave was 70 and 90 nm, respectively, 
for the lasers exciting EGFP and mCherry. The exposure time was set 
individually for each cell and channel to obtain the best signal-to-
noise ratio. Image sequences were acquired every 0.5–5 s for ∼10 min 
with LAS AF software (Leica Microsystems, Wetzlar, Germany), and 
data were postprocessed using NIS Elements AR 4 software.

Statistics
Data are reported as means ± SEM. Statistical significance was de-
termined using Student’s t test. In the figures, statistically significant 
differences from control values are marked by asterisks: *p < 0.05; 
**p < 0.01; ***p < 0.001.

six times at 4°C with 1% BSA/ND96, and incubated with peroxidase-
conjugated, affinity-purified F(ab)2 fragment goat anti-rat immuno-
globulin G antibody (0.8 mg/ml; Jackson Immuno Research, New-
market, UK) in 1% BSA/ND96 for 60 min. Oocytes were washed 
thoroughly, initially in 1% BSA/ND96 (at 4°C for 60 min) and then in 
ND96 without BSA (at 4°C for 15 min). Individual oocytes were 
placed in 20 μl of SuperSignal Elisa Femto solution (Pierce Protein 
Biology Products, Rockford, IL), and chemiluminescence was quanti-
fied in a luminometer (Lumat LB9507; Berthold Technologies, Bad 
Wildbad, Germany). The luminescence produced by uninjected oo-
cytes was used as reference signal (negative control).

Antibody uptake assay
COS-7 cells were seeded in glass-bottom Petri dishes (35-mm diam-
eter) and transfected with HA-tagged TASK-1 alone or together with 
stx8 or stx7. Fluorescence imaging experiments with COS-7 cells 
were performed 24 h after transfection. Cells were blocked with 1× 
phosphate-buffered saline (PBS) containing 5% FCS (Life Technolo-
gies) for 30 min at room temperature. Channels at the cell surface 
were labeled with mouse anti-HA antibody (1:1000; Sigma-Aldrich) 
at 4°C for 60 min. The cells were then washed three times with PBS 
at 4°C to remove unbound antibody. Subsequently, the labeled 
channels were allowed to internalize for 0, 15, or 30 min at 37°C. The 
cells were then fixed for 10 min at 4°C in PBS containing 4% para-
formaldehyde. The channels remaining at the surface were labeled 
with a saturating concentration of Alexa Fluor 594–conjugated goat 
anti-mouse secondary antibody (1:1000; Molecular Probes, Darm-
stadt, Germany). After cell permeabilization with 0.1% Triton X-100 
for 5 min at room temperature, internalized channels were labeled 
with Alexa Fluor 488–conjugated goat anti-mouse secondary anti-
body (1:5000; Molecular Probes). Then the cells were washed exten-
sively with PBS buffer and covered with the antifade agent Mowiol 
4-88 (Carl Roth, Karlsruhe, Germany; containing 25 μg/μl DABCO). 
The cells were visualized using an Olympus IX71 microscope 
equipped with a 60× objective (PlanApo 60×/1.40 Oil; Olympus, 
Hamburg, Germany), a cooled 12-bit charge-coupled device (CCD) 
camera (SensiCam QE, PCO, Kelheim, Germany), and the corre-
sponding filters for the fluorescent dyes. Images were acquired with 
Image-Pro Plus 4.5 (Media Cybernetics, Rockville, MD) and analyzed 
with NIS Elements AR 4 software (Nikon, Düsseldorf, Germany). 
Channel endocytosis was quantified by taking the ratio between the 
fluorescence of the Alexa Fluor 488–coupled secondary antibody 
(green, internalized channels) and the fluorescence of the Alexa Fluor 
594–coupled secondary antibody (red, channels at the cell surface). 
The background green fluorescence measured after application of 
Mowiol 4-88 was very low (between 0.1 and 1% of the red fluores-
cence; see Figure 5B); it varied between different Petri dishes, prob-
ably due to the presence of a very small fraction of damaged cells.

Live-cell imaging
HeLa cells were analyzed 24–48 h after transfection using an in-
verted Nikon Eclipse Ti microscope equipped with a 100× objective 
(Plan Apo VC 100× Oil DIC N2; Nikon). EGFP and mCherry/DsRed 
channels were acquired simultaneously using a dual camera port 
system composed of custom-made excitation/emission filters, a 
dual-band beam splitter, and two cooled 14-bit electron-multiplying 
CCD cameras (DU-885; Andor Technology, Belfast, UK). For record-
ing live-cell image sequences, cells were maintained at 37°C by 
means of a stage heater (ibidi, Martinsried, Germany) with a tem-
perature control system (TC 20; npi, Tamm, Germany) and an objec-
tive heater (PeCon, Erbach, Germany). Images and sequences were 
acquired and analyzed with NIS Elements AR 4 software (Nikon).
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